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To investigate whether precision microbubbles can be
simply generated and used for quantitative contrast
echocardiographic studies, precision microbubbles were
fabricated in gelatin using a simple generator. The gen-
erator consisted of a fluid pump, a generating site con-
taining a narrow bore tube and a bubble stream output
port. Up to 5,000 microbubbles/s were generated with
a controllable radius of 80 to 150 11-. No detectable in-
terbubble size variation was observed under high power
microscopy. To examine whether these bubbles could be
used for quantitative contrast echocardiographic stud-
ies, they were then infused into a tube with a known
flow of degassed water during ultrasonic imaging. The
resulting ultrasonic contrast effect in the tube lumen at
Quantitative techniques are increasingly being applied to
contrast echocardiography (1-3). Videodensitometry has been
used to quantify cardiac output (4), intracardiac shunts (5)
and myocardial perfusion (6,7). However, this work has
been hampered by the lack of reproducibility inherent in
current contrast echocardiographic techniques. Theoreti-
cally, an important potential source of variation is the spec-
trum of microbubble sizes associated with contrast injec-
tions. Microbubbles of small size for contrast
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steady state was recorded and subsequently measured
by videodensitometry. The precision microbubbles were
visually and microscopically stable during the experi-
mental run. Correlations between microbubble infusion
rate and luminal videodensitometry on individual runs
were r = 0.89,0.83,0.73 and 0.71.
It is concluded that precision microbubbles can be
generated in sufficient quantities on site to serve as an
echocardiographic contrast agent for quantitative stud-
ies in vitro and at a very modest cost. These precision
microbubbles are sufficiently stable to be collected and
stored for short periods of time.
(J Am Coli Cardiol 1985;5:978-82)
echocardiographic use have been described recently (8) and
are under commercial development (9), but these bubbles
are not of uniform volume. Uniform known bubble size is
an important factor when microbubbles are used as indi-
cators and indicator-dilution curves are to be constructed
from videodensitometric analysis of two-dimensional echo-
cardiographic data.
Work in this area has been hampered by the unavailability
of precision microbubbles. To date, in those echocardio-
graphic studies in which precision microbubbles have been
used, the bubbles have been obtained from two commercial
sources. Because production has been suspended by both
sources, we decided to design and test a precision micro-
bubble generator for experimental contrast echocardio-
graphic studies. To examine whether the microbubbles so
produced could be used for quantitative contrast echocardi-
ography, we imaged them by two-dimensional echocardi-
ography in a water tank and analyzed the contrast by
videodensitometry.
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Methods
Figure 1. Diagram of precision microbubble generator. See text
for details. Arrows show direction of fluid flow in circuit. RES.
= reservoir.
Figure 2. Photograph of experimental setup for water tank con-
trast echocardiographic studies. White horizontal arrows = three-
way stopcocks; a = reservoir; b = tube (white curved arrow);
c = valve; d = "Y" connector; e = bottomof tube; f = drain
tube. See text for details.
I topcock sorif i ce
Precision microbubble generator. To manufacture
precision microbubbles, five factors at the generation site
must be controlled: I) gas or gas mixture, 2) type of
fluid/surfactant, 3) orifice geometry, 4) fluid stream veloc-
ity, and 5) gas pressure (the gas pressure is always greater
than the stream pressure at the generator site). Orifice ge-
ometry and fluid/surfactant characteristics are usually kept
constant; stream velocity and gas pressure (or flow) are
varied for a given gas mixture until a particular bubble size
is obtained. Bubble size decreases as a function of increasing
stream velocity or decreasing gas pressure, or both.
Figure J is a diagram of the precision microbubble gen-
erator built for this study. * It is powered by a pump that
creates a negative pressure in the circuit which is closed
except for reservoir I; the latter is open to room air. Gelatin
has been used as the fluid in the circuit because it is a
surfactant which is biocompatible. When the pump is turned
on, negative pressure draws gelatin from reservoir I through
a tube that narrows at the site of microbubble formation,
the generating tube. At this point the diameter of the tubing
is the smallest and the gelatin has its maximal velocity in
the circuit. Air is introduced through a small orifice and
bubbles are generated in the tubing. The bubbles are col-
lected in the collecting tube, which can be removed from
the circuit after the pump is turned off.
Using precision microbubbles as an echocardio-
graphic contrast agent. To study whether the precision rni-
crobubbles generated as described could be used for ex-
perimental contrast echocardiographic work, we studied them
in a water tank system (Fig. 2). The precision microbubbles
were stored in a collecting tube that had three-way stopcocks
at each end (white horizontal arrows; for this illustration the
'The precision microbubble generator was built at a total cost for parts
and supplies (exclusive of labor) of less than $500.
tube was upright, normally it was rotated to below table
level). The collecting tube was attached at one end to a
Harvard pump, and at the other to a small tube inserted by
way of a "Y" connector (d) into a larger moving stream
of water that entered the bottom of the vertical tube (e)
inside the tank. The tube (e) had a controlled flow of de-
gassed water originating in reservoir (a) and running through
tube (b) and valve (c) where its rate could be controlled,
then entering the bottom of tube (e) after being mixed with
microbubbles at the bottom at the "Y" connector (d). The
rate of microbubble infusion was controlled independently
by the Harvard pump (not shown here) attached to the col-
lecting tube. After exiting from the top of the water tank,
the microbubble and water mixture was drained by way of
tube (f). A vertical orientation was chosen for tube (e),
where microbubble imaging was performed after prelimi-
nary results with a horizontal system showed microbubbles
to marginate near the upper tube wall at low intraluminal
water flow rates. This problem did not occur in the vertical
system pictured.
Two-dimensional echocardiographic imaging of tube (c)
was performed through a soft plastic observation port on
the water tank side, using an ATL Mark 600 instrument
with a 3.0 MHz mechanical transducer. The system was
purged of air at its connection ports, and the precision mi-
crobubbles were infused at controllable rates into the lumen
of the experimental apparatus. One minute was allowed to
reach a steady state of contrast in the lumen at each infusion
rate. Recordings were stored on videotape for later analysis.
Videodensityanalysis. Videotapes were analyzed on an
off-line computer system designed for digital angiography
(DA 100, Diasonics, Inc.). Four constant area regions of
interest inside the lumen of tube (e) (Fig. 2) were chosen
and analyzed for total videodensity (intensity per individual
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pixel x number of pixels within the region of interest).
Each analysis was performed over a minimum of 60 video
frames and the data were averaged to give a single value
of luminal videodensity for each microbubble infusion rate
of each experimental run.
Results
Precision microbubbles. Microbubble diameters ob-
tained from the precisionmicrobubblegenerator varied from
80 to 150 J,L. depending on orifice size at the gas inlet and
fluid velocity in the generating segment. Figure 3 is a pho-
tomicrographof microbubbles in gelatin in a collecting tube.
The precision microbubbles were entirely uniform in size
when viewed microscopically directly after generation. After
several minutes in the generation tube. the bubbles began
to vary in size. mainly as a result of their coalescence.
Gelatin effects. Microbubbles were generated in a gel-
atin in water solution usingdifferent types of gelatin. Gelatin
is a complex protein degradation product that can be pre-
pared by an acid or alkali process and manufactured in
different grades of "hardness." which is measured by the
gel (Bloom) strength. The higher concentration solutions
and the higher Bloom strengths yielded more viscous so-
lutions. We used standard concentration solutions (75 gJliter)
of both acid- and alkali-prepared gelatins (Grayslake Inc.)
in which the gel (Bloom) strength was varied from 50 to
300. As judged by microscopicobservation of microbubbles
in the collecting tube for the several minutes immediately
after generation. there was a considerable difference in the
stability of microbubbles generated in different types of
gelatin. Coalescence was minimal for acid-prepared gelatin
with a Bloom strength of less than 150. Coalescence time
was considerably shorter when alkali-preparedgelatins were
employed. and for acid-prepared gelatin with a Bloom
strengthexceeding 300. Acid-preparedgelatin with a Bloom
Figure 3. Photomicrograph of 120 IL diameter precision micro-
bubbles in gelatin.
strength of 100 was found to yield the most stable micro-
bubbles and was thus used for the work to be described.
Videodensitometry. With the transducer held in place
by clamps (Fig. 2). the lumen of tube (e) could be imaged
Figure 4. Stop-frame Polaroid photographs of the videotaped im-
age obtained in the experimental setup illustrated in Figure 2. There
is a constant flow of degassed water in the tube (imaged at the
bottom) through all three panels. A. No precision microbubbles
are being infused. B. A low rate of infusion results in some contrast
in the lumen of the tube. C. A higher rate of precision microbubble
infusion results in a higher intraluminal contrast intensity.
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continuously. No or minimal contrast (rare single' 'targets")
was seen when a stream of degassed water from reservoir
(a) was running in the lumen without the addition of pre-
cision microbubbles at Y connector (d), just proximal to the
point of imaging, When microbubbles were added to the
system, a visually uniform contrast effect was obtained in
tube (e), with more intense contrast at higher microbubble
concentrations (higher infusion rates on the Harvard pump)
and less intense contrast at lower concentrations (Fig. 4).
Four collecting tubes of precision microbubbles were
infused into the apparatus (Fig. 3) and videodensitometric
calculations were made of the intraluminal densities at six
or more different microbubble infusion rates per tube. Cor-
relations between the infusion rate of precision rnicrobub-
bles and luminal videodensities on individual runs were r
= 0.89,0.83,0.73 and 0.71. The respective p levels were
less than 0.0 I, 0,01, 0.05 and 0.10.
Discussion
If quantitative contrast echocardiography is to progress,
the problem of microbubble variability must be solved. This
could be approached by careful microscopic sizing, a variety
of filtration methods and statistical characterization of the
microbubble size spectrum in the contrast agent (8). The
current study shows that on site precision microbubble gen-
eration is a viable approach.
Variations in generator design for varying applica-
tions. Although the initial trials with the precision micro-
bubble generator reported here produced bubbles larger than
the 8 JL diameter size needed to pass a capillary bed, it is
possible that an increased stream velocity and fluid/surfactant
modification of the current design would allow generation
of smaller diameter microbubbles that could pass the pul-
monary capillaries and cause left heart contrast.
Hill and Butler (10) reported a somewhat more complex
method of generating "calibrated microbubbles" for air
embolism studies. In their method, nitrogen and carbon
dioxide are initially blended and then the diluent gas (carbon
dioxide) is removed after generation to form bubbles of a
size smaller than initially generated. A Coulter counter is
used to size the bubbles. Both diluent gas techniques and
Coulter counter methods could be applied to the techniques
reported in this work and should prove useful in quantitative
contrast echocardiography.
Limitations. An important potential limitation to the use
of precision microbubbles for quantitative contrast echo-
cardiography is contamination of the microbubble injection
by the presence of undetermined amounts of "nonpreci-
sion" microbubbles or air in the injection apparatus, stop-
cock or other parts. This problem may be minimized by
careful repeat flushing and meticulous connection technique,
but it remains an important practical and theoretical obstacle
to overcome. The approach taken in this work of using a
constant infusion and measuring at steady state is one way
to minimize this problem.
Another limitation on the current method is the lack of
full characterization of the system: the relation between the
microbubble targets, ultrasonic signal returning to the trans-
ducers, instrument-related processing of the signal and the
influence of machine control settings on the resultant display
and linearity of the videotape-videorecorder-videodensitom-
eter units. These and other physical limitations influencing
the quantification of two-dimensional contrast echo ampli-
tudes have recently been discussed by Zwehl et al. (II) and
may explain why the correlation coefficients between mi-
crobubble concentration and videodensity were not higher.
Future prospects. Quantitative contrast echocardiog-
raphy, first suggested by Bommer and DeMaria (12) in
1978, is gradually becoming a reality. We believe that for
this field to progress, more basic knowledge about micro-
bubble "physiology" must be obtained. Studies using pre-
cision microbubbIes that can be simply and inexpensively
generated on site can make important contributions to this
end.
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